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[57] ABSTRACT 
Methods are provided for reducing the number of pro 
jected patterns required to make two- or three-dimen 
sional surface measurements on a sub-class of surfaces 
comprising relatively smooth surfaces. By including 
apriori knowledge about the surface to be measured, 
pattern ambiguities can be resolved by processing 
rather than by additional projected patterns. 
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METHOD OF THREE-DIMENSIONAL 
MEASUREMENT WITH FEW PROJECTED 

PATTERNS 

This is a division of application Ser. No. 577,331, ?led 
Feb. 6, 1984. 

BACKGROUND OF THE INVENTION 

One method of making three-dimensional (3-D) mea 
surements is to project patterns on a surface and view 
them from an angle off of the projection axis. Then, via 
triangulation, the distance to the surface points can be 
computed. In order to solve the triangulation equation 
for depth however, the other two dimensions must ?rst 
be known. The present invention provides several 
methods that accomplish this with fewer patterns than 
required in the prior art for surfaces known apriori to be 
relatively smooth. This method will also ?nd applica 
tion wherever 2-D mensuration is the end goal. 

SUMMARY OF THE INVENTION 

It is an object of the present invention to overcome 
the prior art disadvantages. More particularly, it is an 
object of the present invention to provide methods to 
identify two of the three-dimensions that de?ne a point 
on a surface using fewer codes than in the prior art. 

In keeping with this object and with still others 
which will become apparent as the description pro 
ceeds, one aspect of the invention resides in projecting 
a single pattern on a surface that enables identifying the 
speci?c region of the pattern within a short traverse of 
the pattern over a distance on the surface which is free 
of surface discontinuities such as holes and steps. 
A second aspect of the invention resides in ?rst pro 

jecting a uniform beam of light to establish the surface 
re?ectance characteristics and then projecting a single 
pattern on the surface as in the ?rst aspect and using 
intensity comparison to identify elements of the code. 
A third aspect of the invention resides in projecting a 

single plane of light upon the surface to unambiguously 
establish its intersection with the surface and projecting 
a succession of periodic patterns from which complete 
dimensional information can be obtained relative to the 
single plane. 
A fourth aspect of the invention resides in projecting 

a single pattern on the surface as in the ?rst aspect and 
then projecting a succession of periodic patterns as in 
the third aspect in order to obtain complete dimensional 
information. 
A ?fth aspect of the invention resides in projecting a 

single pattern on the surface as in the ?rst aspect and 
simultaneously recording that pattern by at least a sec 
ond sensor system. The pattern contains structure in the 
directions of the two de?ning dimensions. The mea 
sured location of at least three non-collinear points on 
the surface is used to register the measurements of the 
?rst sensor with the other(s). 
A sixth aspect of the invention resides in projecting 

?rst one pattern on the surface as in the ?rst aspect, then 
projecting a second pattern perpendicular to the ?rst, 
and simultaneously recording each pattern by at least a 
second sensor system; each pattern containing structure 
in a different direction of the two de?ning dimensions. 
The measured location of at least three non-collinear 
points on the surface is used to register the measure 
ments of the ?rst sensor with the other(s). 
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2 
A seventh aspect of the invention resides in including 

in the projected patterns at least one part illuminated by 
a different frequency (color) than the rest in order to 
provide a reference location from which the remaining 
dimensions can be derived. 
An eighth aspect of the invention resides in employ 

ing a line width modulated pattern projected upon a 
surface which uniquely identi?es a reference location 
from which the remaining dimensions can be derived. 
A ninth aspect of the invention resides in projecting a 

periodic intensity pattern on a surface and using the 
pattern edge to provide the reference from which the 
remaining dimensions can be derived. 
A tenth aspect of the invention resides in incorporat 

ing at least one discontinuity in a periodic projected 
pattern to provide a reference location within the pat 
tern. 
The invention will hereafter be described with refer 

ence to exemplary embodiments, as illustrated in the 
drawings. However, it is to be understood that these 
embodiments are illustrated and described for the pur 
pose of information only, and that nothing therein is to 
be considered limiting of any aspect of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 shows a smooth surface with a hole that is less 
than the size of the viewable area of a 3-D measurement 

sensor; 
FIG. 2 is a top view of the 3-D sensor, outlining its 

region coverage; 
FIG. 3 shows three projected light patterns as they 

may appear on a surface to be measured; 
FIG. 4 shows a pattern of projected light that allows 

unambiguous position identi?cation and its segment 
identi?cation table; 
FIG. 5 shows intensity pro?les of light patterns on a 

surface with two reflectivities; 
FIG. 6 shows a projected light pattern that provides 

unambiguous position identi?cation in two directions; 
FIG. 7 shows a top view of two 3-D sensors measur 

ing two partially overlapping areas on a surface; 
FIG. 8 shows a projected light pattern that has a 

distinguishing wide segment; 
FIG. 9 shows a projected light pattern that has a 

distinguishing discontinuity. 
DESCRIPTION OF THE PREFERRED 

EMBODIMENTS 

FIG. 1 illustrates a prior art method of mensuration 
employing projected light patterns and a viewing de 
vice (the camera). The projector 11, light beam 12 and 
the ?eld of view 14 of the camera 13 are positioned such 
that they intersect at an angle in a common volume 
within which measurements can be made by triangula 
tion. A top view of the system is shown in FIG. 2 where 
the common volume appears as area 25. The prior art 
has used a binary sequence of projected planes to ac 
quire the necessary data to unambiguously determine 
the three-dimensions of any point within the volume. 
This requires at least ten patterns to resolve the volume 
into 1024 segments. For reasons of complexity, time to 
acquire data, data storage and sensitivity to motion, it is 
desirable to use fewer patterns. The present invention 
provides several methods that are applicable for relai 
tively smooth surfaces. In general, any method for de 
termining a dimension in the direction of the width of 
the camera 13 view, can be just as well applied to the 
height of the camera 13 view. For this reason we shall 
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generally only describe the method in terms of estab 
lishing the dimension in the direction of width. 

In general, the distances between projected light 
planes and/or the width of light planes are employed to 
determine locations within coded patterns of projected 
light. These distances and/or widths are changed (en 
larged or reduced in dimension) due to the varying 
distance and/or angle of the surface being measured 
relative to the measurement system. However, the ratio 
of signi?cant distances within the patterns remain 
nearly invariant and can be used to automatically pro 
cess the pattern images. This essentially is an automatic 
normalization feature that can be incorporated into the 
measurement process. 

In projecting a binary pattern sequence, such as the 
sequence shown in FIG. 3 which can identify eight 
unique locations, the pattern having fewest changes (3c) 
unambiguously divides the volume into two segment 
s—the white area where light is present and the cross 
hatched area where no light is present. However, for 
better resolution the other patterns are required. Pattern 
3b divides the volume into 4 segments, but if the light 
from one white area cannot be distinguished from the 
other then the measurement is ambiguous. Likewise 
pattern 3a resolves 8 segments but cannot distinguish 
between the 4 white areas from which the light may 
derive. However in one preferred embodiment a pat 
tern, as given in FIG. 4, is projected, and by analyzing 
any three adjacent segments, as illustrated in the table 

"below, any segment can be uniquely identi?ed. This 
table is given for the cases of looking at the segment and 
one to either side. By extending this concept up to, say 
1024 segments, an examination of 10 adjacent segments 
(only 1% of the width) uniquely de?nes the location 
with a single pattern. 

Local Pattern 

0 0 1 

Segment 

l 
l 
l 
O 
l 
0 
0 

In a second preferred embodiment an additional step 
is required. In its simplest form a uniform beam of light 
12 is projected onto the same surface area 16 as the 
special pattern of the ?rst embodiment (but at separate 
times). From the uniform beam of light, any difference 
in received light intensity within the scene measured by 
the camera 13 can be attributed to variations in re?ec 
tance caused by the surface angle and/or absorption 
property. This then enables more reliable automatic 
processing of the pattern data. FIG. 5 illustrates a sim 
pli?ed intensity pro?le for a surface with two different 
re?ectances. The uniform light beam results in the pro 
?le of (b) and the pattern light beam results in the pro?le 
of (a). A ?xed threshold at a level between pattern 
group 51 and group 52 in (a) would detect group 51 but 
not 52. Such a high threshold may be required in the 
region of group 51 to prevent false detection due to 
multiple re?ections or other interference but the level 
can probably be lowered in the region of group 52 for 
the same false detection rate because of the lower sur 
face re?ectivity. The lower reflectivity would similarly 
affect the interfering light as it affects the projected 
light pattern, so that the lower threshold would provide 
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4 
the same detection performance as in the higher re?ec 
tance region with the higher threshold. 

In a third preferred embodiment, a single plane of 
light (say segment 5 of FIG. 3(a)) is projected onto the 
surface at a time other than when the full pattern of 
FIG. 3(a) is projected. This unambiguously identi?es 
segment 5, and by implication, all the other segments on 
a smooth surface. Hence, two rather than three patterns 
are able to resolve the ambiguity. This becomes much 
more signi?cant when 1024 segments are used and still 
only two, not ten, patterns resolve the ambiguity. 

In a fourth preferred embodiment, a pattern as de 
scribed in the ?rst embodiment is projected onto the 
surface and ?ner resolution patterns are projected at 
other times to increase the detail of the measurement. 
For example, projecting the pattern of FIG. 4 unambig 
uously locates segment 3 by noting it is white and the 
segments on either side are also white. However, the 
exact location of segment 3 is implied, not directly mea 
sured. By projecting separately the pattern of FIG. 3(a) 
we can directly measure the exact location of segment 
3. The two pieces of information taken together com 
pletely describe the segment 3 location in the width 
direction. 

In a ?fth preferred embodiment, a pattern as shown in 
FIG. 6 is projected on a surface which need only have 
three non-collinear smooth areas, each area being large 
enough to encompass a length of code suf?cient to 
identify the code state. For the example shown, a length 
of 3 segments each for vertical and horizontal is re 
quired. An alternate method of generating patterns is 
shown in which, unlike FIGS. 3 and 4, illuminated 
segments are only partially illuminated; this may be 
bene?cial for more reliable pattern recognition and 
finer position resolution. It will be noted that the center 
section contains the same code shown in FIG. 4 so that 
eight segment locations are identi?able in the horizontal 
direction. In the vertical direction two groups of three 
segments each are shown. Such a bidirectional pattern 
can be readily extended to many more segments hori 
zontally and vertically by alternating vertical and hori 
zontal rows of patterns in the vertical direction. Other 
pattern groupings such as a checkerboard is usable. The 
measuring system camera signals can be analyzed to 
determine the two- or three-dimensional co-ordinates of 
the surface as in the previous embodiments. In addition, 
a second measurement system camera can record the 
same pattern and that system can proceed indepen 
dently to measure the overlapping surface area. A com 
parison of at least three non-collinear points in the over 
lapping surface area with regard to the dimensions ob 
tained by the two systems will allow the two to be 
registered relative to one another. That is, the two data 
sets can be correctly referenced to a common reference 
frame. FIG. 7 shows a top view of such a setup which 
allows piecing together separate data sets for measuring 
surfaces greater than the limits of a single measurement 
system. The 3-D co-ordinates of three non-collinear 
points completely de?ne the six degrees of freedom of 
3-D space so that unambiguous registration can be ob 
tained. More points can be used with least squares re 
gression. 

In a sixth preferred embodiment, the data of two 
measurement systems can be registered to each other as 
in the ?fth embodiment. However, in place of the bidi 
rectional pattern of FIG. 6, the unidirectional pattern of 
FIG. 4 is used twice. First the pattern of FIG. 4 is pro 
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jected in one orientation for both systems to record and 
establish registration in that direction and then the same 
or similar pattern is projected after rotating the pattern 
approximately 90° about the projection axis. Both sys 
tems record the second pattern and complete the regis 
tration process. 

In a seventh preferred embodiment, a pattern such as 
in FIG. 3(a) is projected and the ambiguity is resolved 
by using a different frequency (color) for at least one of 
the illuminated segments shown as white in the ?gure. 
The camera can either sequentially record the pattern 
with different ?lters or multiple cameras with different 
?lters can record the pattern and location of the 
uniquely colored segment used as the reference from 
which the other segments may be identi?ed. 

In an eighth preferred embodiment, a pattern such as 
in FIG. 8 is projected on the surface to be measured that 
contains at least one segment of the periodic pattern 
with a different width that establishes a reference loca 
tion within the pattern from which the location of the 
other segments can be determined. 

In a ninth preferred embodiment, a periodic pattern 
such as in FIG. 3(a) is projected on the surface to be 
measured and at least a part of either the right or left 
edges of the pattern lie on the surface. If the last illumi 
nated segment (1 or 7 in FIG. 3(a)) can be recorded by 
the camera, the surface is smooth and continuous up to 
the areas within the pattern to be measured and it is 
known apriori that the segment to be used as a reference 
will lie on the surface, then that segment can be used as 
a reference location from which the locations of the 
other segments can be determined. 

In a tenth preferred embodiment, a periodic pattern 
containing at least one aperiodic component, such as 
illustrated in FIG. 9 in which segment 4 has its right 
edge rather than left edge illuminated, is projected on 
the surface to be measured. Again the restrictions are 
that the surface from the reference segment to the area 
of interest be smooth and continuous and it be assured 
that the reference segment will project onto the surface. 
As long as surface irregularities do not cause other parts 
of the projected pattern to emulate the intentional aperi 
odic component, an automatic search for the reference 
segment can be implemented in processing the recorded 
data. The locations of the other segments can then be 
determined from the reference segment. 
The invention has been described and illustrated with 

reference to exemplary embodiments. It is not to be 
considered limited thereto, inasmuch as all modi?ca 
tions and variations which might offer themselves are 
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6 
intended to be encompassed within the scope of the 
appended claims. 
What is claimed is: 
l. A method for relating at least two measurement 

data bases to a common coordinate system comprising 
the steps of: performing two- or three-dimensional sur 
face measurements with at least two measurement sen 
sor systems, said measurements containing at least one 
overlapping area on a surface; producing a surface mea 
surement data base from each said measurement sensor 
system; projecting a radiation pattern on said overlap 
ping area by one of said sensor systems; recording said 
pattern with another one of said sensor systems, said 
pattern having structure in two dimensional directions 
and comprising a binary pattern having unique codes 
over any span of N segments out of a total of as many as 
2” segments; selecting two smooth areas for a 2-D or 
three non-collinear smooth areas for 3-D, said areas 
each encompassing at least a length of N segments in 
each of said two dimensional directions within said 
overlapping area; correlating said pattern structure 
with said measured surface data; and transforming said 
measurement data bases to a common coordinate sys 
tern. 

2. A method for relating at least two measurement 
data bases to a common coordinate system, comprising 
the steps of: performing two- or three-dimensional sur 
face measurements with at least two measurement sen 
sor systems, said measurements containing at least one 
overlapping area on a surface; producing a surface mea 
surement data base from each said measurement sensor 
system; projecting a ?rst radiation pattern on said over 
lapping area by a ?rst sensor system; recording said ?rst 
pattern with a second sensor system; said ?rst pattern 
having structure'in a ?rst direction and comprising a 
binary pattern having unique codes over any span of N 
segments out of a total of as many as 2” segments; pro 
jecting a second radiation pattern on said overlapping 
area by said ?rst sensor system; recording said second 
pattern with said second sensor system; said second 
pattern having structure in a second direction differing 
from said ?rst direction, said second pattern structure 
comprising a binary pattern having unique codes over 
any span of N segments out of a total of as many as 2” 
segments; selecting two smooth areas for 2-D measure 
ments or three non-collinear smooth areas for 3-D mea 
surements, said areas each encompassing at least a 
length of N segments of said ?rst and second patterns 
within said overlapping area; correlating said pattern 
structures with said measured surface data; and trans 
forming said measurement data bases to a common 
coordinate system. 
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